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We attempted the laser sintering of a mixture of waste silicon powder from silicon wafer slicing processes and carbon nanofibers. Thick films with
high porosity were successfully generated by a strong combination of silicon and carbon nanofibers. The surface porosity of the thick films and the
crystallinity of silicon were controllable by varying the scanning speed of the laser beam. These findings indicate the feasibility of a new fabrication
method for silicon anodes for future lithium-ion batteries. © 2015 The Japan Society of Applied Physics

H
igh-capacity lithium-ion batteries are increasingly
required in automobiles and portable electronic
devices. The development of silicon anodes to

replace conventional carbon electrodes has recently received
attention.1–3) The theoretical capacity of the conventional
carbon material is 372mAh/g, whereas that of silicon is
4,200mAh/g, which is about 10 times higher.4,5) Moreover,
because the discharge potential of silicon is low, and the
voltage change during discharge is small, silicon serves as a
battery material for power supplies that can be used near their
maximum capacities. However, volume expansion is a
critical problem for silicon anodes. The volume expands by
about 1.1 times during lithium-ion storage in conventional
carbon anodes, but in a silicon anode, the volume expands by
more than 3 times.6) Thus, under repeated charge/discharge
cycles, the silicon film on the current collector collapses and
peels, causing the deterioration of the battery. As a result, the
life of a silicon anode battery is shorter than that of a carbon
anode battery.7) To solve these problems, many studies have
been conducted to develop new composite film anodes from
silicon and carbon nanomaterials, such as carbon nano-
tubes.8,9)

Conventional methods of fabricating composite films
include chemical vapor deposition (CVD) and sputtering.
However, these methods are relatively slow, and it is difficult
to obtain a thick film. Sintering is an effective approach to
thick-film fabrication, but conventional sintering processes
using furnaces will cause thermal damage and deformation to
the current collector substrates (copper films). To overcome
these problems, in this study, we attempted to fabricate
silicon/carbon composite thick films by laser sintering. Using
a laser enables selective heating and sintering of thick films
with less damage to the current collector substrates.10,11) The
processing efficiency of laser sintering is also higher than that
of CVD and sputtering.

Another new proposal in this work is that, instead of using
expensive silicon nanofibers or nanoparticles, we use waste
silicon powder from the manufacturing processes of silicon
wafers. In the manufacturing of solar cells and semiconductor
substrates, especially the slicing of silicon ingots into silicon
wafers, a large amount of silicon powder is generated with
a particle size ranging from a few submicrons to a few
microns.12) Currently, more than half of the total volume of a
silicon ingot is wasted as silicon powder. Because the waste
silicon powder contains impurities, it cannot be reused for
ingot production and is instead discarded as industrial waste.
In recent years, other silicon wafer slicing technologies, such
as that using atmospheric-pressure reactive microplasma,13)

have been developed, but have not been widely used in
industry.

In this research, we attempted to reuse waste silicon
powder for the production of Li-ion battery anodes to
eliminate waste of energy and resources. To prevent electrode
deterioration due to volume changes during the charge/
discharge cycle, we tried to generate a porous structure in
the thick film. Furthermore, we added carbon nanofibers
(CNFs) to improve the electrical conductivity and mechanical
strength of the electrodes. Figure 1 shows a schematic model
of the target structure of the Si/CNF composite film. Laser
sintering experiments were performed under various con-
ditions, and the properties of the sintered carbon/silicon
composite films were examined. The microstructure changes
in the composite films during charge/discharge tests were
also investigated.

To prepare the samples, waste silicon powder was mixed
with CNFs (diameter: 10–20 nm; length: 0.1–10 µm; MD
Nanotech Corporation) by a ball mill to obtain a slurry.
N-methylpyrrolidone was added to the slurry as an organic
solvent. The ratio of waste silicon powder to CNFs was 10 : 1

by mass. The mixed slurry was then applied to a 35-µm-thick
copper film substrate as the current collector and dried at
60 °C.14,15) Next, laser irradiation experiments were per-
formed on the mixed powder. Table I shows the laser
specifications and laser irradiation conditions. The resulting
film thickness ranges from approximately 50 to 100 µm.
The fabricated Si/CNF composite films were observed by
scanning electron microscopy (SEM; Inspect S50) and field-
emission SEM (FEI SIRION). Crystallinity analysis of silicon
and CNFs was conducted by Raman spectrometry (JASCO
NRS-3100) using a green laser with a wavelength of 532 nm.

Figure 2 shows a SEM micrograph of the boundary
between a laser-irradiated region and an unirradiated region
on a film surface. The laser fluence used was 7.7mJ/cm2. It is

Fig. 1. Schematic model of Si/CNF composite film structure.
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clear that in the unirradiated region, silicon particles are
separate from each other, whereas after laser irradiation, the
particles are combined, forming a porous structure.

The surfaces of thick films fabricated at various laser
scanning speeds were compared. Figure 3(a) shows SEM
micrographs of the film surfaces, where the scanning speed
of the laser beam was varied from 5 to 25mm/s. The film
surfaces generally become smoother as the laser scanning
speed increases. Figures 3(b) and 3(c) are higher magnifica-
tion views of the film surfaces obtained at 5 and 25mm/s,
respectively. The surfaces are solid and almost no pores are
seen in Fig. 3(b), whereas in Fig. 3(c), numerous pores are
clearly seen. It can be assumed that at a low scanning speed,
the silicon powder was completely melted and combined to
form a solid structure; at a high scanning speed, however,
silicon melting was incomplete, forming micropores.

The crystallinity of the films was analyzed using a laser
Raman spectrometer. In Raman spectroscopy, a peak shift to
the low-wave-number side indicates reduced crystallinity. For
amorphous silicon, a broadband peak forms at around 470
cm¹1. As shown in Fig. 4, the waste silicon powder before
laser irradiation has a peak at 502 cm¹1, indicating a poly-
crystalline or highly strained silicon structure. This is because
in silicon slicing, chip formation involves material deforma-
tion and pulverization, which causes the polycrystallization
of silicon.16) However, after laser irradiation, the film has
transitioned back to a structure close to that of single-crystal
silicon (Raman shift: 520 cm¹1), as shown in Fig. 4. The
improved crystallinity might be a result of the melting
and recrystallization of the silicon powder during laser pulse
application.

Figure 5 shows the peak shift and half-width of the films
fabricated at various scanning speeds obtained by Raman
mapping measurements. Figure 6 shows plots of the average

half-width and peak shift at each laser scanning speed. The
laser scanning speed clearly has little effect on the peak shift.
On the other hand, the half-width increases with the scanning
speed. It can be assumed that as the laser scanning speed
increases, the time available for material heating and cooling
decreases, and silicon recrystallization becomes incomplete.
By changing the scanning speed of the laser beam, it may
be possible to control the crystallinity of silicon, which is
important for improving the absorption and desorption of
lithium ions into and from silicon anodes.

To evaluate the mechanical performance of the fabricated
Si/CNF composite films as a battery anode, pouch-type
half-cells were fabricated, and charge/discharge tests were
performed. The Si/CNF composite films were used as the
working electrode, and Li metal foils were used as counter
electrodes. The electrolyte used was 1.0M LiClO4 in 1 : 1

(v/v) ethylene carbonate/diethyl carbonate. The cells were
cycled between 0.01 and 2.0V at a current density of
0.27mA/cm2. Figure 7 shows SEM micrographs of the films
after charge/discharge tests. Figure 7(a) is a film formed
without laser irradiation, where many cracks are seen.
Peeling of the film was observed in some other surface

Table I. Laser specifications and irradiation conditions.

Laser medium Nd:YAG

Wavelength (nm) 532

Pulse width (ns) 15.4

Beam quality TEM00

Scanning speed (mm/s) 1–25

Scan interval (µm) 8–40

Beam diameter (µm) 240

Laser-irradiated 

region

Unirradiated 

region

100 µm 

Fig. 2. SEM micrograph of a film surface showing boundary between
laser-irradiated and unirradiated regions.

(a)

(b) (c)

Fig. 3. (a) SEM micrographs of composite film surfaces obtained at
various laser scanning speeds. (b) and (c) are magnified views at scanning
speeds of 5 and 25mm/s, respectively.

Fig. 4. Raman spectra of silicon particles under various processing
conditions, with comparison to single-crystal silicon (s-Si).
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regions. Figures 7(b)–7(d) show the films sintered at differ-
ent laser scanning speeds (5–15mm/s) and a laser fluence of
7.7mJ/cm2. In each case, the film surface became slightly
rougher than that before the charge/discharge tests, indicat-
ing that the silicon powder partially collapsed because of the
volume change. However, the films did not peel from the
substrates, and no cracks appeared on the film surfaces. This
result is attributed to the porous and network structures of Si
and CNFs. The porous structure accommodates the volume
change, and the network structure of Si and CNFs prevents
the initiation and spread of cracks.

In addition, Raman spectroscopy analysis of the composite
film was performed after the charge/discharge tests, and the
result is also shown in Fig. 4. A few new Raman peaks of Si
are seen from around 800 to 1100 cm¹1. These new peaks
might be due to alloying of silicon with lithium during the
charge/discharge tests, which is under further investigation.

In summary, we succeeded in fabricating composite thick
films from waste silicon powder and CNFs by laser sintering.
We realized a porous film structure and binding of Si and
CNFs, which inhibit crack formation during the charge and

discharge of silicon anodes. The amount of Si melted, which
affects film porosity, changes with the laser scanning speed.
In addition, we confirmed that the silicon powder transitioned
from a polycrystalline structure to a single-crystal structure
during laser sintering, and the crystallinity depended on the
laser scanning speed. These findings might contribute to the
cost reduction and performance improvement of future
lithium-ion batteries. The electrochemical properties of the
composite thick films as battery anodes are under further
investigation.
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Fig. 5. Raman mapping measurements of (a) peak position and (b) half-
width of films sintered at various laser scanning speeds.
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Fig. 6. Plots of average half-width and peak position at various laser
scanning speeds.
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Fig. 7. SEM micrographs of various composite films after charge/
discharge tests. (a) is a film without laser irradiation; (b), (c), and (d) are films
sintered at laser scanning speeds of 5, 10, and 15mm/s, respectively.
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